We show that meaningful, highly sensitive x-ray polarimetry with imaging capability is possible with a small mission tailored to the NASA Explorer program. Such a mission-derived from the Imaging X-ray Polarimetry Explorer (IXPE) proposed to a previous NASA call-takes advantage of progress in light-weight x-ray optics and in gas pixel detectors to achieve sensitive time-resolved, spectrometric, imaging polarimetry. We outline the main characteristics and requirements of this mission and provide a realistic assessment of its scientific utility for modeling point-like and extended x-ray sources and for studying physical processes (including questions of fundamental physics).
INTRODUCTION
When discussing astronomical x-ray polarimetry, one usually begins with a recognition of the discrepancy between the relevance of polarimetry as a diagnostics of extreme objects in high-energy astrophysics and the paucity of data, and ends with a lament over the lack of any consistent prospect for a mission. This year, the situation is definitely worse with the cancellation of NASA's Gravity and Extreme Magnetism Small Explorer (GEMS) due to programmatic (budgetary) reasons. In addition, ESA did not select the X-ray Imaging Polarimetry Explorer (XIPE) in its first call for a small-size "S-class" mission. Furthermore, with the termination of the NASA-ESA joint study of the facility-class International X-ray Observatory (IXO), NASA and ESA have each descoped notional IXO replacements, excluding instrumentation for x-ray polarimetry.
Several years ago, the Stellar X-Ray Polarimeter (SXRP) was part of the Spectrum-X-Gamma (SXG) mission, to be flown in a reasonably short time. Other potential x-ray polarimetry missions were on hold for several years pending SXRP results; then the SXG mission was canceled. Something similar seems to have occurred with GEMS-albeit on a less protracted time scale. Somewhat paradoxically, the development of polarimeters based on the photoelectric effect in gas, the selection of GEMS as a SMEX mission, and the prospects for a polarimeter on IXO, stimulated significant theoretical research on x-ray polarimetry and the thirst for data to test the theoretical models. Those theoretical studies showed x-ray polarimetry to be a powerful probe of the physics of the inner regions of compact objects and of extreme gravitational and magnetic fields-including possible diagnostics of fundamental physics.
In the absence of astronomical x-ray polarimetric data, there persists some skepticism over the utility of polarimetry for confirming or falsifying a model or for distingushing amongst different models compatible with the spectrometric and timing data. Lacking actual astronomical measurements, three questions arise:
1. Is the measurement really feasible at the declared level of sensitivity?
2. Is the measurement credible?
3. Is the measurement meaningful?
Questions (1) and (2) are mainly related to systematic effects. Any procedure to remove systematic effects based upon a numerical correction is always suspect and never free in terms of statistical accuracy. In addition, the usual assumption that a measurement is source-dominated-i.e., that the counting rate from the background is negligible with respect to the counting rate from the source-is based upon a predicted background for detectors never before flown. A higher background rate could affect the sensitivity of the experiment for faint sources and might also introduce unanticipated systematic effects.
A MISSION DERIVED FROM IXPE
A small mission of x-ray polarimetry must rely on highly reliable payload instrumentation that can answer the above questions. It is essential to thoroughly understand the polarimeter, through simulation, analysis, testing, characterization, and calibration. In our mission the payload comprises three gas pixel detectors (GPDs) and three x-ray telescopes with an extensible mast ( Figure 1 ). The proposed mission directly derives from the IXPE, 1 which we proposed to a previous NASA call for a Small Explorer (SMEX) mission. It takes advantage of progress in developing x-ray mirrors and GPDs, as well as the heritage of the extensible mast onboard NuSTAR, the first satellite featuring a focusing hard-x-ray telescope. Here we consider an advanced version with 3 x-ray mirror modules of large effective area tuned to the spectral sensitivity of the newly designed gas pixel detector at the focus of each module. 
The telescope
The three mirror modules utilize full (integral primary and secondary surfaces) shells electroformed of a highstrength Ni/Co alloy, which enables tight packing of thin shells (Figure 2(a) ) with good imaging and moderately large effective area but with relatively low small mass. MSFC has fabricated similar mirror modules for the ART instrument 2 onboard Spectrum Röntgen Gamma, to be launched in 2015. The proposed nickel coating optimizes the 2-6-keV effective area (Figure 2 
The detector
The GPD 3-7 is a sealed gas cell with beryllium window, gas electron multiplier 8 (GEM), and ASIC CMOS. 4 The multi-layer ASIC with a hexagonally pixellated top layer enables imaging of the photoelectron track, to allow reconstruction of the initial direction of the photoelectron and, hence, the linear polarization (degree and angle) of the photon beam. The performance of gas pixel detectors has been extensively studied, 6, 9-12 partly to support proposed ASI and ESA missions that were not selected for flight. As described in the remainder of this section, these studies show that the GPD successfully measures polarization in the 2-10-keV band and is suitable for potential NASA and ESA small missons.
Choice of gas mixture and sensitivity to polarization
We explored three different gas mixtures with the aim of optimizing 2-10-keV sensitivity. The first one was based upon Neon, immediately identified as a low-atomic-number mixture for sensitive photoelectric polarimetry. To improve the low-energy-sensitivity, the second mixture, He-DME (dimethyl ether), has a smaller K-shell energy (543 eV, compared to Neon's 870 eV). The third mixture was DME only. Good sensitivity to polarization has been measured down to 2 keV and found comparable to Monte-Carlo simulations (Figures 3(a) and 3(b) ).
(a) (b) Figure 3 . (a) Measured modulation factor at 2.0 keV was 13.5% with 0.8-bar DME mixture. 9 (b) Comparison of measured modulation factor for 1-bar He-DME (20-80) and for 0.8-bar DME with a Monte-Carlo simulation. 
Spectroscopic capability
The GPD's energy resolution depends primarily upon fluctuations in the number of primary charges and in the gas gain, being that the ASIC CMOS pixel noise is small. We used monochromatic (and polarized) x-rays at the INAF-IAPS calibration facility 14 to measure the GPD's spectrometric capability, finding it to be very good ( Figure 4 ) compared to that of conventional proportional counters. Not only does this energy resolution allow precise determination of the energy-dependent modulation factor (Figure 3(b) ), it also enables meaningful spectral polarimetry of astrophysical phenomena.. 
Location accuracy
Recently we measured the GPD's position resolution, previously only estimated using Monte-Carlo simulations. We accomplished this at the INAF-IAPS calibration facility, using a narrow pencil beam imaged with the GPD to derive its intrinsic position resolution. 12 The derived position resolution of the GPD depends upon the accuracy of the algorithm that evaluates the initiation point and the emission direction. In turn, the accuracy of the algorithm depends upon the scattering probability of the photoelectron with atomic nuclei, upon blurring due to diffusion within the drift length, and upon the pixel size of the collection anode plane. We modeled all these effects in a Monte-Carlo simulation, which determined a simulated position resolution that is very close to the measured one. The underlying reference frame, fabricated using microelectronic techniques, is very accurate.
The contribution of the intrinsic GPD position resolution to the imaging polarimeter's angular resolution is much smaller than that of the mirror module's point spread function (Figures 5(a) and 5(b)) or of the blurring effect of converging rays through the depth of the detector. 15 This has been verified experimentally by xray characterization of a GPD at the focus of a re-calibrated JET-X (FM2) mirror module, 16 in the vacuum chamber of the PANTER x-ray test facility, operated by the Max-Planck-Institut für extraterrestrische Physik (MPE, Germany). We measured 15 the imaging properties at different energies, finding a half-power diameter HPD = 23 ′′ at 4.51 keV, of which 18 ′′ is attributable to the JET-X HPD. 
The new detector design
We designed and fabricated a new GPD, 6, 7 having a larger body ( Figure 6 (b)) but same effective area as the previous version. 5 This detector was assembled by adding an alumina extension on top of the ASIC package onto which the new GEM ( Figure 6(a) ) is now glued. The active surface of the GEM did not change, but the wider non-active lateral side (guard ring) results in an electric field that is much more uniform, especially at the edge of the active region, due to the large ratio between the cross-sectional dimension and the drift length. We found much better spatial uniformity in the (very low) detector background 17 rate (without any accumulation on the edges of the active area, as in the previews design) with a modulation curve that is basically flat. Table 1 summarizes characteristics of the updated payload. The polarization sensitivity is the minimum detectable polarization 18 (MDP) at 99% confidence. It takes into account the energy-dependent modulation factor, efficiency, background, and source spectrum. The energy range results from optimizing the mirror-module effective area for the energy-dependent efficiency of the GPD. The Field of View (FoV) is determined mainly by the size of the GPD active area and the focal length of the mirror module. A fiducial energy-dependent active region or a correction for the non-complete azimuthal coverage close to the edges of the ASIC will be considered due to the photoelectron's finite range. The small spread in drift time (< 1 µs) allows better timing capability (1-2 µs) using the onboard global positioning system (GPS) receiver, enabling precise phase-resolved x-ray polarimetry that may be correlated to optical and radio data. We estimated the background rate using data from the Ne-CO 2 proportional counter (Wisconsin experiment) onboard OSO-8, 19 integrated over a nominal 30 ′′ HPD. 
PAYLOAD CHARACTERISTICS

RESOURCES
Here we estimate the payload resources needed for this sensitive mission of x-ray imaging polarimetry. Based largely upon previous mission studies (POLARIX, 20 IXO, 10 and XIPE 21 ), Table 2 displays the mass budget; Table 3 , the power budget; and Table 4 , the telemetry requirements. Items in bold print have heritage in phase-A studies (IXO or POLARIX). Telemetry requirements ( Table 4 ) are such that, for a low Earth orbit, photon-by photon down-link in a single passage over the ground station is possible for bright sources, if X-band transmission is available. However, if only S-band transmission is available with 2-GB memory storage, alternating long observations of faint sources with shorter observations of bright sources still allows photon-by-photon telemetry but requires more than one passage. Further, onboard processing of scientific data (extracting initiation point, emission angle, time, energy, and a so-called "quality' factor") permits photon-by photon telemetry in a single passage, even for bright sources. 
ASTROPHYSICS
Here we discuss potential scientific objectives for this small mission. We point out how x-ray polarimetry can shed light on emission mechanisms, on source modeling and (where applicable) on questions of fundamental physics. X-ray polarimetry allows geometrical parameters to be measured and fixed. Otherwise these free parameters in the models usually create degeneracies. This is particularly evident in sources like pulsars either when isolated within pulsar wind nebulae (PWNs), or in accreting milliseconds x-ray pulsars and x-ray binaries. In AGNs, x-ray polarimetry helps to constrain the geometry of the different structures typical of these sources-accretion disks, disk coronae, ionization cones, and tori.
We grouped possible types of observations into those of point sources, of extended sources, and of sources in crowded fields. In the latter two cases, we show that imaging is crucial for a sensitive measurement and that it is possible in a good number of objects. Imaging can be decisive also due to the very small and controlled background, especially for observations of faint AGNs and nebular clouds around the Galactic Center. We estimate the sensitivity for some representative sources (e.g., Figure 7 (a)) and compare those estimates with theoretical values from literature.
Point-like sources
Point-like sources have an extension smaller than the point spread function of the optics (<30 ′′ ) and isolated within ∼ 10 ′ . Acceleration mechanisms, emission in the presence of a large magnetic field, and scattering in an aspherical plasma can all be explored using sensitive x-ray polarimetry.
The x-ray emission mechanisms in blazars can be probed and disentangled by means of polarimetry. Highfrequency-peaked blazars (HBL) show the synchrotron peak in x-rays and, consequently, the x-ray polarization degree and angle should be equal to that measured in optical and radio wavelengths if it is due to the same population of electrons. Low-frequency-peaked blazars (LBL) and eventually flat-spectrum radio quasars emit x-rays beyond the synchrotron peak. The mechanism responsible for this emission could be synchrotron selfcomptonization (SSC) or external comptonization (EC) from low-energy photons generated in the accretion disk or in the broad-line regions. The signature of the latter two cases in polarized x-rays is different: The x-ray polarization degree in the high-frequency peak is half that in the low-frequency peak in case of SSC with the same angle of polarization in x-rays and in optical and radio wavelengths for SSC; but it could be different for EC, due to the different geometries at work. In this latter case, the x-ray polarization degree is a measure of the temperature of electrons in the jet.
23, 24
X-ray polarimetry studies of HBL blazars could allow possible extensions of standard physics-e.g., quantum gravity 25 -to be studied and the eventual presence of axion-like particles 26, 27 to be detected. The absence of depolarization between optical and x-rays, or within the x-ray band itself, can place strong constraints on a firm statistical base on the scale of breaking Lorentz invariance in loop quantum gravity. Until now, x-ray constraints are based only upon sparse data of few GRBs [28] [29] [30] or upon the observation of the Crab Nebula. Galactic µquasar sources like GRS1915+105, Cyg X-1, Cyg X-3, and XTEJ1550-564 have fluxes larger than 100 mCrab, allowing very sensitive polarimetry (Figure 7(a) ). Strong-gravity effects like the rotation of polarization angle with energy 34, 35 can be probed in the 2-6-keV band. Indeed, we expect 36 ∼ 15
• for a maximally rotating black hole in GRS1915+105 and ∼ 2
• for a non-rotating black hole. The expected degree of polarization changes between 4% and 7% while the MDP(99%) is 0.85% in 10 4 s; hence, a precise measurement of the polarization angle is possible.
In radio-quiet AGNs, instead, the disc peaks in UV and Strong Gravity effects are manifested by a relativistic distortion of the iron-line derived by reprocessing from an accretion disk of gravitationally bent x-rays produced by a point sources located above the disk. Such model explains the peculiar mutual variation of the iron line and of the continuum intensity in MCG-6-30-15 as due to changes in the source height. The polarization signature in x-ray is the consequent temporal variation of the polarization degree and angle. An alternative scenario that explains both such distortion and the temporal characteristics is 'absorption' in a 'partial covering' model with a consequent different (much lower) polarization signature. Marin 37 et al. compared these two models. For MCG 6-30-15 in an observation of 2 × 10 6 we can reach an MDP of 1.97% smaller than the P>2% polarization expected (4-6 keV). A simple detection of polarization strongly would favor the reflection scenario (Figure 7(b) ).
The emission in strong magnetic fields (up to 10 12 -10 13 Gauss), can be studied with x-ray polarimetry in accreting white dwarfs, millisecond x-ray pulsars and x-ray binaries. Super-strong magnetic fields (few 10 14 gauss) can be probed in magnetars where it is also possible to search for effects of Quantum Electrodynamics.
In an accreting white dwarf (WD) with a magnetic field sufficiently strong to funnel the plasma onto the magnetic poles, polarized X-rays can be produced from scattering on the surface, on its polar accreting plasma or on the truncated disk if present. In 5 × 10 5 s, an MDP(99%) of 3.5% can be reached for AM Her in five phase bins to be compared with a polarization level of 4-5% expected.
38
In accreting millisecond x-ray pulsars (AMXPs) comptonization on the accreting plasma 39 or, in a different model reflection from the disk, 40 provides geometry and phase-dependent x-ray polarization signature of the scattered radiation with a polarization degree larger than 5%.
39 AMXPs (14 are known) can outburst for several days with fluxes exceeding tens of millicrabs while showing their pulsations. Observing SAX J1808-4-3558 at 10 mCrab for 5 × 10 5 s an MDP of 2.1 % can be reached in each of 5 phase bins.
In x-ray binaries at an energy below the critical energy, the different opacities for orthogonally polarized x-rays with respect to the magnetic field, produce polarization that is phase and energy dependent. It was already pointed out that x-ray polarimetry can tell us whether the emission is in form of a 'pencil' or of a 'fan' beam. 41 Polarimetry can fix the angle that the dipole axis of the magnetic field forms with the rotation axis by the 'swinging' of the polarization angle fixing this parameter in the model. As an example in an x-ray binary like Her X-1 an MDP of 3.1% in 10 5 s and 10 phase bin can be reached.
Magnetars are good candidates to search for QED effects 42, 43 due to strong magnetic fields up to 10 14 -10
15
Gauss. In particular effects due to 'vacuum polarization', and the related not expected 90
• rotation with energy. This effect 44 is due to the fact that at such large fields the surface at which X-mode changes in O-mode is inside the O-mode photosphere. Once escaped the radiation crosses the magnetosphere acquiring 43 a phase dependent polarization degree between 20% and 80%. Observing SGR 1806-20 in 10 6 s we can perform a > 3-σ level measurement if the polarization degree is larger than 10.8% and 13.7% in the 2-4 keV band and 4-6 keV band Structures in aspherical ambient can be studied by means of x-ray polarization for example in the case of hot coronae 46-49 in x-ray binaries and AGNs.
In radio quiet AGN the interplay between the disk, the ionization torus and the puzzling molecular torus can be explored by means of spectro-polarimetry in the 2-6 keV band searching for the expected polarization angle rotation 50 with energy and the corresponding variation of the polarization degree. A precise measurements would require a wide energy band coverage, however the sensitivity reached by our proposed mission is sufficient to detect the expected variation in NGC-1068 because in 10 6 a polarization larger than 2.3% in 2-4 keV and 4.24% in 4-6 keV band will be detected with > 3-σ significance with a correspondent 1-σ error of 9.5
• that is sufficient to disentangle most of the proposed geometrical models.
Crowded fields
Imaging can be decisive when observing crowded fields especially very faint sources. This could be the case of the Galactic Center region when observing molecular clouds, that, moreover, are extended. Actually some molecular clouds at a projected distance of few hundreds years with respect to the galactic center are supposed to reflect today x-rays coming from the past from SgrA * when, may be, it was a faint AGN. 51, 52 If this is so, x-rays from such clouds are supposed to be polarized with the polarization vector pinpointing SgrA * ( Figure 8 ) and with the degree of polarization making possible the real distance to SgrA * to be measured. Due to the expected very low background, the observation of Sgr B2 and of Sgr C remains by far source-dominated and an angular accuracy of 4.4
• is possible with an observation of 10 6 s if the polarization degree is as high as 40%.
Angularly resolved polarimetry of extended sources
Likely, the most intriguing scientific capability of an imaging polarimetry experiment is, indeed, to measure angularly resolved polarization in extended sources when typically an integral measurement is not meaningful. Pulsar wind Nebulae (PWNs) and Supernova Remnants (SNRs) are natural goals for this proposed concept mission since they have a size large enough to be resolved but, most of them, also small enough to be contained in the field of view of the instrument.
Chandra revealed detailed structures for the Crab, the Vela ( Figure 9 ) and for other PWNs with rings, arcs, jets and knots embedded in a nebular diffuse emission. The positive measurement 53 of x-ray polarization . performed by OSO-8 in late '70 (at 2.6 keV is 19.2±1.0)%, was, indeed, integrated on all the Crab PWN. Today is clear (an example is the tilt between the jet axis and the polarization angle from that old measurement) that those different regions need to be studied separately to understand the role of magnetic fields in particle acceleration and in the formation of these structures. Moreover imaging facilitates phase resolved polarimetry of its pulsar that, when compared with polarimetry in optical wavelength, could reveal birefringence 54 effects like the 'lag' in phase estimated to be 10
• for it. The MDP(99%) (2-6 keV) in each of the five regions we can think to divide the Crab PWN is 1.5% in 10 4 s of observation. In the Vela Pulsar, much fainter 55 but closer, we can detect polarization with an observation of 10 6 s in four regions above 7.5% considering its power-law spectral component.
Super Nova Remnants (SRNs) are thought to be responsible for the acceleration of cosmic rays up to 10 15 eV. The site of the acceleration are believed to be shocked regions where synchrotron radiation and/or or non-thermal bremsstrahlung are generated. X-ray lines, differently bright when angularly resolved, indicate the presence of a thermal component. The different role that all these components can play in various regions of the SNRs, and their connection with front shocks, can be studied by angularly resolved polarimetry. In particular the spectral region between 4 and 6 keV, where those lines are absent can be explored.
For example in Cas A (with an angular size of about 4') it has been estimated that the power-law component in average is 22.5% of the total emission in this energy band. 57 If we think to divide Cas A in 10 regions, a power-law polarization degree larger than 12.2% (see table 5 ) can be detected, in each of these, with a single ′ × 12.9 ′ ). We show the half-power diameter (30') of the optics, which dominates the overall angular resolution.
pointing of 10
6 s, while the expected polarization could be much larger. 58 Other SNRs can be angularly resolved with a single pointing. The strategy for the analysis and the needed observing time will be assessed after having analyzed the observation of Cas A (see table 5 for the MDP of some selected 59 SNRs, considering the total emission in 4-6 keV). Turbulence of the magnetic field is an issue but measuring it is precisely the scope of our measurement. The images of Tycho and Cas A on the active area of the GPD are shown in Figure 10 . 
CONCLUSION
In this paper, we described a small x-ray polarimetry mission using 3 mirror modules each with a polarizationsensitive detector. The needed technology is well proven: Mirror modules of electroformed Ni/Co-alloy shells and gas pixel detectors measuring polarization through the photoelectric effect. Such a mission could perform x-ray imaging spectral pholarimetry for a good number of extended sources-pulsar wind nebulae (PWN), supernova remnants (SNR), and crowded sources in the Galactic Center region. The imaging capability also facilitates x-ray polarimetry of faint souces-e.g., AGN-by providing a small measurement aperture and thus low background.
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